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Abstract
The reliability of metallic microelectromechanical
systems
(MEMS)
depends
on
time-dependent
deformation such as creep. The interaction between
microstructural length scales and dimensional length
scales, so-called ‘size-effects’, play a prominent role in
this. As a first critical step towards studying these size
effects in time-dependent deformation, a purely
mechanical experimental methodology has been
developed, which is discussed here. It is found most
suitable for the investigation of creep due to the simplicity
of sample handling and preparation and setup design,
whilst maximizing long term stability and displacement
resolution. The methodology entails the application of a
constant deflection to a µm-sized free-standing aluminum
cantilever beam for a prolonged period of time. After this
load is removed, the deformation evolution is
immediately recorded by acquiring surface height profiles
through confocal optical profilometry. Image correlation
and an algorithm based on elastic beam theory are applied
to the full-field beam profiles to yield the tip deflection as
function of time. From a discussion on the sources of
experimental error, it is concluded that the methodology
yields the tip deflection as function of time with ~3 nm
precision.
1. Reliability and time-dependent mechanics
The application of metals as structural components in
MEMS is common for ‘radio-frequency MEMS’ (RFMEMS). Figure 1 shows an example. The reliability of
these devices has been shown to critically depend on
time-dependent mechanics, such as fatigue and creep [1].
Fatigue affects the device life time through its limitation
on the number of device operation cycles, e.g. the number
of open/closed cycles of an RF-MEMS switch. Creep can
directly affect the operational characteristic, e.g. through a
shift in pull-in voltage of an RF-MEMS switch which
results in a reduced power handling [2]. Whereas fatigue
effects may pose less of a problem than expected at small
geometrical length scales [3], the detrimental influence of
creep seems to increase upon miniaturization [3].
The difference between micro- and macroscale creep
is generally attributed to the size-effect: the interaction
between microstructural length scales and dimensional
length scales [4;5]. The physical micro-mechanisms of
creep are, however, not nearly understood, let alone
implemented in models. Specifically for free-standing
thin films not much research has focused on
characterizing size-effects in time-dependent material
behavior [6]. Modlinski et.al. demonstrated that a
carefully-chosen alloy can suppress creep effects in Al-

alloys used in RF-MEMS [7;8], However, besides
qualitative observations of the effect of dispersion density
of precipitates, other size-effects were not investigated.
Therefore, there is a clear need for detailed studies into
the physical micro-mechanisms underlying the sizeeffects in creep in metallic MEMS.
As a first step towards such studies, the goal of the
current work is to construct and validate an experimental
mechanical methodology to quantify creep, of µm-sized
free-standing cantilever beams. To this end, first the
factors are discussed that determine the choices for the
design of the experiment, followed by the explanation of
the methodology. Next, proof-of-principle measurements
are conducted and the results are presented together with
a critical discussion of the precision of the methodology.
To this end, the influence of each step on the precision is
evaluated, where possible quantitatively. Finally,
conclusions are drawn with respect to the goal of this
work and the further application of this work to the study
of size-effects in creep in metallic-MEMS.

Figure 1: Scanning electron microscopy image of an RFMEMS switch (courtesy of EPCOS Netherlands B.V.).

2. Experimental design
Performing mechanical tests on specimens that are
free-standing and have dimensions in the order of µm is
not trivial. Aspects of sample preparation, handling,
loading, load and deformation measurement and control
have to be carefully addressed [9]. Considering the
sample preparation and handling, it is highly preferred to
test free-standing, micron scale on-wafer samples that
have been fabricated in the same micro-fabrication
process as that of the actual MEMS device. This
simplifies the handling of µm sized samples to handling
20x20 mm2 dies/wafer pieces. It also guarantees that the
results obtained in an experiment are fully applicable to
the corresponding MEMS device. A critical aspect of the

3. Experimental method
The deflection of the microbeam test structure is
controlled by the micro-clamp. This is done under the
optical profilometer, a Sensofar Plu2300. The surface
profilometer is operated in the confocal microscopy
mode: 470 nm LED light, 100x long working distance
objective with N.A. of 0.7, height of scan of 20µm, data
acquisition time ~85s. In this configuration, the RMS
repeatability is <10nm, although data acquisition and
processing will improve the overall precision. Finally, the

(optically flat) substrate is leveled to within 0.01° by
using the interferometric mode of the optical profilometer
and manually adjusting a 2-axis tilt stage. The setup is
stabilized on an active vibration isolation table. The
measurements are conducted in an environmentally
controlled room, with Tambient=21.0±1.0 °C, RH 14±1%.

Confocal microscope objective

Elastic hinge
Differential screw
for knife height
Knife edge deflects beam
Chip with MEMS cantilever
Screws for chip translation
Figure 2: Schematic of the MEMS cantilever deflection
experiment with a micro-clamp under a confocal optical
profilometer, which captures the deflection as function of time.

Experimental sequence
Deflection

load and displacement control and measurement is the
long term stability especially for prolonged creep
measurements. Therefore, a small
and simple
displacement controlling mechanism is most suitable. A
so-called ‘micro-clamp’ is designed, which is a simple
horizontal knife-edge attached to an elastic hinge, see
Figure 2. The height of the edge with respect to the
substrate is controlled to ~50 nm via a differential screw.
Drift due to temperature and electrical effects are
minimized by a compact and near-monolithic fully
mechanical design. In-plane placement is achieved with
~5 µm resolution using an adjustment screw. To measure
the
out-of-plane
deformation
optical
confocal
profilometry is employed. This yields full-field
deformation information, with 10-nm RMS repeatability
for a high magnification super long working distance
objective. Interferometric profilometry is not suited to
deal with the combination of a large working distance
(mm’s) imposed by the micro-clamp and the large local
surface angles associated with the relatively high surface
roughness of the metallic MEMS considered here. The
measurement precision will benefit from the full-field
deformation combined with simple image processing and
beam-bending equations. Another advantage of this
methodology is that multiple samples can be deflected in
parallel simply by aligning all samples on the chip and
using a broad knife-edge. Furthermore the setup does not
involve any highly specialised parts or instruments which
allows for easy and inexpensive parrallelization. This is
particularly usefull for prolonged creep experiments.. The
only drawback is the lack of a direct measurement of
force. Given the mentioned benefits of this methodology,
i.e. simplicity, long term stability, deflection resolution, it
is found most suitable.
Based on these considerations, the choice has been
made to design an experiment measuring the timedependent deflection recovery of a cantilever after
constant deflection. Figure 3 shows the deflection
sequence. The initial deflection is controlled by the
‘micro-clamp’. Directly after release of the deflection, a
time series of full-field deformation maps is measured
with a commercial confocal optical profilometer. An
algorithm based on elastic beam theory is than applied to
the deformation data to extract the evolution of the
deflection as function of time. This methodology thus
allows simple sample handling and MEMS-device
fabrication, and precise control and measurement of the
deformation over a longer period of time.
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Figure 3: Schematic representation of the measurement
sequence of the cantilever deflection recovery experiment. (A)
The knife-edge of the micro-clamp approaches the cantilever.
(B) The knife-edge deflects the cantilever to a depth of δloading
and holds it there for a certain period of time. (C) The edge is
raised, releasing the cantilever, after which the deflection
recovery is measured over time using a surface profilometer.

Figure 4 shows an example of the cantilever beam test
structures investigated here. The beams are produced
from Al-Cu (1 wt%) on a test-wafer having undergone a
production process scheme as used for actual RF-MEMS
switches. The Young’s modulus is 66.8 GPa, determined
by eigenfrequency measurements and finite element
analysis of electro-statically actuated cantilevers [10;11].

height from which the beam deflection is determined.
Subsequently the equation for a single clamped beam is
fit to the profile.

5

30
40
50
60
70
80

2.5
0
-2.5

Substrate

-5

Free-standing
double clamped
plate

height [mm]

width [mm]

20

Knife edge shadow

10

-7.5
-10

90
10 20 30 40 50 60 70 80 90 100110120
length [mm]

Figure 4: (Top) A SEM-image of a test cantilever beam that is
attached to a free-standing plate clamped on three sides by an
anchor. (Bottom) A contour map of a profile of a beam placed
under the micro-clamp obtained with confocal profilometry.
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The film thickness is 4.8±0.2 µm and has a surface
roughness RA=45 nm. The film consists of columnar,
through-thickness grains with {111} surface orientation
and an average grain diameter of 20 µm, assuming
cylindrical grain shapes, as determined with electron
backscatter diffraction. Several beams having a width of
25 µm and lengths between 45 and 500 µm are on the
test-wafer. Cross-sections are trapezoidal due to the thin
film patterning. This work employs a beam of 65 µm
length. This choice is a trade-off between practical
imaging, deflection and induced stress levels.
The experiment is conducted as follows. The wafer is
placed on the micro clamp and the beam is aligned to the
knife–edge (with ~5 µm lateral precision) under the
microscope. Leveling (to within 0.01°) is conducted with
interferometry. A surface topography of the unaltered
beam (reference height position) is acquired in the
confocal profilometer mode, see the top left of Figure 5.
The knife edge is then lowered to deflect the beam to a
depth of approximately 800nm (much less that the
microbeam-substrate gap), see the top right of Figure 5.
This level is chosen as it corresponds to σbend,max=50 MPa
for this length. This stress level corresponds to ~30% of
the yield stress of the material and is a lower level
encountered in RF-MEMS device operation. The beam is
then kept deflected at this position for 48 hours, after
which the unloading procedure is started. The edge knife
is raised and immediately thereafter, at every 85s, surface
topographies are obtained for 10000s. Finally images are
taken every 900s for another 10000s. The bottom of
Figure 5 shows an example of one of the obtained surface
topographies.
In this manner a set of surface profiles is obtained of
the recovering deformation in the beam. The surface
profiles do not immediately yield the tip deflection as
function of time. Data processing is required to deal with
image translations and tilt due to thermal and various
other drifts in the optical profilometry set-up. A simple
self-programmed image correlation algorithm that mainly
aligns the test structure edges is implemented in software
package Matlab to compensate for x and y translations
with pixel-resolution. It is confirmed that rotations around
the axis-perpendicular to the surface can be neglected.
Tilt around x or y-axis are dealt with by applying a linear
leveling algorithm, using the double clamped plate as
reference, see Figure 6. It will be shown further on that
the deformation at the part of the plate used as a reference
for leveling falls well within the measurement precision,
thus validating this choice for leveling.
The tip deflection is determined by fitting standard
beam bending theory to the full-field deformation data of
the beam. This uses the intrinsic assumptions that the
bending is elastic and that the double clamped plate
effectively fixes the beam. Figure 6 shows schematically
how area bins (16x1 µm2) are created along the length of
the beam and plate in which the surface height is
averaged. This minimizes the height measurement error.
A region on the clamped plate is selected as reference
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Figure 5: Surface profiles of Al-beams before (top left), during
(top right) and after (bottom) deflection with knife edge.
During and after loading, the micro-clamp is low enough to
appear in the height profile as a white line. Note that the scale
is adjusted to visualize tip deflection.
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Figure 6: Surface profile schematically illustrating the area
bins and selected reference areas, all of which are
schematically drawn here for clarification purpose. The mean
height of these boxed areas is evaluated to form a profile.
Linear plane fitting is applied based on the reference areas to
correct for tilt around x and y axis. These areas are then used
as reference height and set to zero height. The profiles are
referenced to this height. Standard beam bending equations
are fit to the profile as indicated by the dashed line in the lower
graph. For clarification, a semi-circle is drawn at the location
of the tip.

m

3

m

Figure 7: Results of the obtained profiles after deflection at
~800 nm for a duration of ~48 hours. Note that the surface
roughness of the metallic MEMS is much higher than the
change in tip deflection, which is of interest. The initial profile
(acquired before any deflection) is plotted in black. The first
profile acquired after unloading is plotted in blue and
subsequent profiles are plotted with a gradient from blue to
red. The dotted lines represent unreliable data, as the microclamp is partially blocking the reflection of light. Three
sections are distinguished: (1) the micro-clamp, (2) the profile
of the beam, and (3) the reference height.

3. Experimental results
The result of the measured deflection recovery is a
sequence of profiles, seen in Figure 7, from which the tip
deflection as a function of time is determined, as shown in
Figure 8. After an instantaneous initial spring back of
more than 95% of the loading depth, the beam shows a
relatively small, though clear monotonous increase in
height of ~20 nm over a time period of about 3 hours.
This is evidence of time-dependent recovery of the
cantilever. Next to this, a permanent deflection of ~10 nm
is observed. To asses the precision of the measurement a
fit is made to the tail of the graph where the deflection has
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Figure 8: The displacement of the tip versus the logarithm of
time. A fit (dashed line) is made for the time segment from
10.000-25.000 seconds.
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saturated. A histogram based on the difference between
average and measured deflection then shows that the tip
deflection measurement has a precision (1 σ) of ~3 nm,
see Figure 9. This is good considering the surface
roughness of 45 nm and the 10-nm RMS repeatability of
the confocal profilometry. The measurement has been
repeated for several similar beams, all revealing similar
results.
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Figure 9: Histogram based on the data of the last 10000-25000
seconds to evaluate the precision of the measurement. From
this a standard deviation in the tip deflection measurement of
~3 nm can be estimated.

5. Analysis of experimental errors
There are a few factors that cause errors in the
measurement. First is the assumption that the deformation
of the double clamped plate is negligible, thus effectively
forming a fixed clamped end of the beam and being a
suitable reference surface for tilt correction. Next the
image correlation algorithm can introduce a statistical
error as it has only pixel resolution: images cannot be
correlated
to
sub-pixel
precision. Furthermore
temperature influences can also cause errors, especially at
this scale. These potential factors of error are analyzed in
more detail.

Figure 10: Finite element simulation of the height
deformation of the beam and the double clamped plate at 100
nm deflection of tip. The deformation is graphically
exaggerated and the scale range is adjusted to visualize the
small variations of the deformation of the plate. Black
indicates deflection below a depth of 1 nm. The model shows
the plate is raised in the center by 0.5 nm. The height of the
area’s selected for reference height and leveling remains
within a height of 0-0.1 nm.
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The assumption of the negligible deformation of the
double clamped plate is analysed by finite element
analysis (FEA). A linear elastic model can be employed
as the stress is largest during the elastic response; stress
relaxation will only cause smaller deformations then
modelled. The model consists of 3D, 8-node, first order,
iso-parametric elements and is simulated in MarcMentat.
In Figure 10, the finite element model is shown. Only half
of the structure is modelled due to symmetry. To carefully
simulate the experimental geometry (Figure 4), the
clamped plate (~130 µm long) is completely modeled
together with the anchors, to which the boundary
conditions of fixed displacements are actually applied.
In the simulation, a deflection of 100 nm is applied at
the tip, corresponding to an upper limit on the deflection
immediately after unloading. The resulting deformation of
the plate is extracted from the simulation. It is shown in
Figure 10 that towards the tip the plate deflects, whilst it
is raised at the center. The increase in height is however
limited to 0.5 nm at this center, whilst in the regions
selected for leveling and height reference, it is <0.1 nm.
Thus using the areas as indicated in Figure 10 for leveling
and reference do not affect the overal precision.
To investigate the statistical error due to the image
correlation step, a random topography is investigated
where this topography is shifted with one pixel in every
direction with respect to its original position. Then
profiles are obtained the same way as described in
paragraph 3. The height uncertainty, due to the statistical
error made in the image correlation step, on the evaluation
of the deflection of the tip is depicted in Figure 11. The
maximum error is identified as ~1 nm.
Lastly the errors due to temperature fluctuations are
investigated. Fluctuations in laboratory temperature are
±1.0 °C. Because the plate surface is used as reference
height during the tip deflection recovery measurement,
the thermal loop is effectivey constrained to the Al-beam
in horizontal and vertical direction. Thus thermal
expansion can be neglected during the unloading part of
the experiment. However, the knife edge and beam are in
contact during loading. The thermal loop now consists of
the steel clamp, the silicon substrate, the alumunium and
some thin film insulators. The steel and silicon comprise
the bulk of the dimensions so the other materials are
neglected. The difference in thermal expansion of
stainless steel and silicon may result in a fluctuation in
horizontal and vertical dimensions affecting the deflection
during loading by ~10 nm for temperature fluctuations of
±1.0 °C. Such a fluctuation can be neglected during
loading of ~800 nm.
The evaluation has shown that the obtained precision
of this method is reliable. Even more, a strong benefit is
shown by the thermal insensitivity of the experimental
setup. With carefull selection of materials and geometry
of the micro-clamp differences in thermal expansion can
be further reduced, greatly facilitating conducting
experiments at elevated temperatures which will be
reported in a future publication.

length [mm]

Figure 11: The influence of an erroneous xy-correlation on
the overall profile fit is shown. The topography is shifted 1
pixel in the horizontal and vertical direction to imitate the
possible deviation introduced by the image correlation
software. The inset shows a zoom around the original profile
(dashed red line, center of five lines) and the profiles due to
erroneous correlation, indicating an error of less than 1 nm.

6. Conclusions
An experimental methodology is presented together
with measurement results to measure time-dependent
deformation in µm-sized free-standing aluminum-copper
alloy cantilever beams. As a first result the deformation
recovery of a beam is measured over a period of ~6 hours,
showing a recovery of 20 nm during this period after
initial spring back. A permanent deflection of ~10 nm is
observed. The precision (1 σ) is ~3 nm, which is good
considering the relatively high surface roughness and
unavoidable experimental limitations.
The measurement is possible due to the design of the
experiment: measuring time-dependent recovery with
confocal profilometry in a simple mechanical setup with
minimal sample handling. A micro-clamp deflects onchip micro-beams to a depth that can be controlled with
~50 nm precision (but can be measured again with ~3nm
precision). The main factors influencing the precision are
image correlation errors and deformation of reference
surfaces. At the same time, the methodology is insensitive

to thermal fluctuations. Analysis of these factors show
that the precision of ~3 nm is reliable.
The next step in this research is to apply timedependent material models incorporated into FEA to
extract physically meaningfull parameters, the procedure
of which will be published in the future. With this full
methodology in place, grain size and grain orientation
effects can be probed by coupling measured differences in
grain size and grain orientation distributions between
different microbeams of the same geometry (on the same
wafer) to changes in the observed creep behavior.
Furthermore, experiments can be conducted at various
temperatures to accelerate or probe different creep
mechanisms. Ultimately device structural dimensions will
be varied to probe more size-effects in creep of these
structures.
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